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Introduction
Membranes are key constituents of living organisms, acting as bi ological barriers which hinder the passage of ions and hydrophilic molecules. This selective impermeability is crucial for life to develop. However, these barriers are a hurdle in biotechnological and medical applications where molecule delivery is mandatory. For the purpose of nucleic acids delivery, viral based methods are available. While being quite efficient, their safety has been questioned [1] . Therefore, alternative chemical and physical methods are actively investigated. Such methods, although safer, are less efficient than the viral ones. Among the physical methods, electropermeabilization is one of the most widely used [2, 3] . Indeed, the cell membrane can efficiently and transiently be permeabilized by applying electric pulses. Provided that the pulses are of a sufficient amplitude and duration, non permanent molecules can enter the cytoplasm of mammalian cells [4] . Because of its efficiency, this method, also referred as "electroporation", is rapidly becoming an established approach for treatment of cancer [5 7] and it also holds great promise for gene therapy [8, 9] . If the exact mechanisms of molecular uptake are still poorly understood for the moment, it is known that they depend strongly on the size of the molecules. Whereas smaller molecules freely cross the electropermeabilized membranes, large molecules such as plasmid DNA exhibit the formation of a transient complex with the membrane [10] . Apart from pulse strength, pulse duration is another key parameter for the success of permeabilization, especially in the case of nucleic acids which are driven by electrophoresis towards the permeabilized membrane [11, 12] . A precise description of the events leading to membrane per meabilization, and its consequences on lipid organization, is still miss ing and would help to design safer and more efficient protocols particularly in the case of gene transfer. However, studying such phe nomena at the molecular level in cells and tissues is currently out of reach. This is a major motivation for investigating the behavior of simpler model systems, namely lipid vesicles.
Synthetic lipid vesicles provide membrane models suitable for sys tematic investigations of the effects of electric fields on lipid bilayers such as electrodeformation, permeabilization and fusion [13, 14] . Mem brane permeabilization can be assessed by conductance measurements or transfer of radioactive or fluorescent molecules. Different types of vesicles can be used to access membrane electropermeabilization, but only the largest ones (above 10 μm) offer direct visualization of the pro cesses. First experiments have been performed on LUV (15 30 nm) more than 30 years ago [15] . A transient leakage of radioactive sucrose was detected and was attributed to the formation of pores, which allowed passage of sucrose. However, there was no direct proof of their existence, or other related phenomena such as membrane defor mations. GUVs containing fluorescent phospholipid analogs allowed the visualization of membrane associated perturbations under fluores cence microscope [16] . Lipid loss was observed in electropermeabilized membranes and was associated to pore, vesicle, and tubule formation [17] . DNA electrotransfer into liposomes was first studied 20 years ago on LUVs (100 200 nm), suggesting endocytosis like vesicles which shielded the electrotransferred DNA from the internal medium [18] . Yet, also in this case, the liposomes could not be directly observed be cause of their small size. The results were recently questioned by data obtained on giant liposomes supporting a mechanism involving electro pores and a direct entrance of fluorescent DNA into the liposomes [19] . All these results demonstrate that giant vesicles provide a very useful model for approaching the effect of electric field pulses on lipid mem branes because vesicle dynamics can be observed with optical micros copy. However, up to now, visualization of electropermeabilization has been performed by using exogenous fluorescent molecules (lipid analogue, fluorescent dye) and not pure lipid systems thus including possible artefacts linked to these molecules.
The objective of our paper was to perform experiments on pure lipid GUVs, i.e. without any addition of exogenous molecules (lipid analogue, fluorescent dye). For that, we have used two different methods, phase contrast and CARS microscopies, as relevant optical approaches to gain insight into membrane electropermeabilization. GUVs were prepared in a medium containing sucrose and diluted in a medium containing glucose. The difference in refractive index be tween the internal and the external media was detected by phase contrast optics [20] . Such an approach has been described to detect flow out of giant vesicles submitted to electric pulses [21, 22] . CARS has the advantage of offering molecular specificity, without necessitat ing the application of external labels [23] . We present qualitative and quantitative observations regarding the pathway of electromediated molecules entry into giant liposomes as a function of the applied electric pulses. We address the following questions: (i) is it possible to detect membrane permeabilization (assessed by sucrose and glucose mixing) simply by using phase contrast microscopy? (ii) what is the effect of electric pulses parameters on membrane permeabilization? (iii) how does the size of vesicles control/affect the response of the electric field? (iv) can the CARS be used to visualize membrane changes associ ated to permeabilization?
Materials and methods

Materials
The lipid used to prepare giant unilamellar vesicles was: 1,2 dioleoyl sn glycero 3 phosphocholine (DOPC) (from Avanti Polar Lipids, Alabaster, Alabama, US). The lipids were stored in chloroform at −20°C.
Preparation of giant unilamellar vesicles
Giant unilamellar vesicles (GUVs) were produced by the electrofor mation method [17, 24] . A 500 μg/mL lipid chloroform solution with the lipid of interest was prepared. Fifteen microliters of this solution were spread homogeneously on the surface of two conductive glass slides coated with indium tin oxide (Sigma). Two strips of adhesive copper were placed on each conductive side of the glass slides. These glasses were placed under vacuum for about 2 h to evaporate all the organic solvent, and then arranged with their conductive sides facing each other. They were separated by a silicon frame to form a sealed chamber into which the formation buffer (240 mM sucrose) was inserted. The electroformation temperature was above the phase transition tempera ture of the lipid composing GUVs. The two glasses were connected to a low voltage Exact® generator (model 128, Hillsboro, OR) via the copper strips, the chamber was then filled with a solution of 240 mM sucrose, and a sinusoidal current of 25 mV with a frequency of 8 Hz was applied. The voltage was gradually increased to 1225 mV in 100 mV steps every 5 min. The chamber was then kept at the formation temperature and at 1225 mV with a frequency of 8 Hz overnight. To peel off the vesicles from the glasses, square wave DC pulses at 1225 mV with a frequency of 4 Hz were applied. The vesicle solution was then put in an Eppendorf tube and stored at 4°C.
Preparation of the chamber for giant unilamellar vesicles
The observation chamber consisted of a glass slide and a coverslip [17] . On the glass, a pair of parallel electrodes composed of two strips of adhesive copper were placed 5 mm apart. Two layers of parafilm were placed on each of the strips and a coverslip was placed on top. Then, the observation chamber was heated to 200°C to adhere the coverslip to the glass. The thickness of the chamber was 2 mm and the distance of the electrodes from the glass substrate was less than 1 mm.
Phase contrast observation and pulsation of GUVs
GUVS were visualized using an inverted Leica DM IRB® microscope (Wetzlar, Germany) microscope equipped with a 40× objective. Images were taken with a Quantem 512SC® digital camera (Roper Scientific, Germany) mounted on the microscope and connected to a computer. Sample illumination was achieved by phase contrast with a halogen lamp. 5 μl of the vesicle solution was put inside the chamber and was then diluted with the pulsing buffer. The pulsing buffers (pH = 7.35) were composed of 260 mM glucose, 1 mM NaCl, 1 mM HEPES for phase contrast microscopy and of 1 mM NaCl in water for CARS micros copy. The osmolarities were 240 mOsm/kg for the formation medium, and 262 for the pulsation buffer. Conductivities of internal and external solutions were respectively 17 and 260 μS/cm. The small difference in osmolarities ensured that the GUVs, chosen with a narrow size distribu tion, have a reproducible and homogeneous initial membrane tension, and the low conductivities prevented Joule heating in the pulsation chamber. The osmotic pressure was the same for all GUVs inducing the same membrane tension [25] . The sugar asymmetry yielded a den sity difference (sucrose is heavier than glucose) that allowed sedimen tation of the vesicles to the bottom of the chamber and facilitated their localization. Moreover, it was used in this work to detect membrane permeabilization by content mixing and loss of contrast. About 5 min after filling the GUV solution into the chamber, the vesicles were mostly located at the bottom of the chamber due to gravity. As reported by the group of Kinosita, GUVs were prepared in an internal medium containing sucrose and diluted in the external medium containing glucose. Since the refractive index of a sucrose solution is higher than that of a glucose so lution, the internal part of the liposomes looked darker than the outside. The quantitative intensity change, detected by phase contrast optics, was used as a measure of the changing sucrose glucose ratio inside the vesicle [20, 26] .
The chamber was connected to a high voltage unipolar βtech®S20u generator (l'Union, France) which delivered square wave DC pulses. The vesicles were pulsed with different electric parameters: number of pulses, duration of the pulse and intensity. The shape of the pulses was checked with an oscilloscope. GUVs were chosen to be at equal dis tance of the two electrodes where the electric field was homogeneous [27] . They were diluted to avoid field inhomogeneity linked to vesicle crowding [28] . Measurements on different vesicles were performed in a new chamber for each condition. Images were acquired and analyzed between successive pulses, decrease in contrast, when present, was a consequence of pulse delivery.
Light plot profiles (Fig. 1B) were created from these images in order to quantify the decrease in contrast. As shown in Fig. 1C , the decrease in contrast was triggered by the first pulse to be further en hanced with the following ones.
GUVs permeabilization is associated to lipid loss
Decrease in contrast was indeed also associated to lipid loss. We therefore assess the role of the number of applied pulses on this lipid loss. For this purpose, GUVs were submitted to 5 ms electric pulses, applied at a 1 Hz frequency and at 0.7 kV/cm intensity (as reported in Fig. 1A) . The total number of pulses was 10. Images were taken before and after each pulse application. Results reported in Fig. 2 , show that in creasing the number of pulses results in a decrease in GUV sizes. This decrease was detected as soon as the first pulse was applied and was enhanced with an increase in the number of pulses. It reached 40% after 10 pulses. This experiment, performed on GUVs with different diameters, was reproducible. There is a good correlation between the decrease in size and the decrease in contrast (see Fig. 1C ).
GUVs permeabilization is under the control of electric field strength
The decrease of the GUVs size was then used to study the effect of the field intensity. 10 pulses were applied with duration equal to 100 μs or 5 ms. For electric pulses lasting 100 μs, a 1360 V/cm electric field led to a 5% decrease in size of the largest vesicle (diameter around 40 μm) with no effect on the smaller one (diameter around 30 μm) (Fig. 3A) . A further increase in the field strength to 1420 V/cm resulted in a 10% size decrease of the smaller vesicles, with a concomitant de crease of the larger one. The 5 ms pulse durations were observed to ex haust these observations (Fig. 3B) . Pulses applied at 210 V/cm were observed to induce the decrease in size of the GUV with diameter around 40 μm. Once again, the largest vesicles being affected for lower fields than the smaller ones. Increasing the field to 260 V/cm led to the decrease in size of the smallest GUVs (diameter around 20 μm) and was associated to a strong decrease in contrast. The threshold for membrane destabilization, i.e. the electric field value leading to lipid loss, has been determined for both pulses duration as a function of GUVs size. GUVs diameter was observed to be affected for electric field values E above a threshold E c . This threshold was defined as the minimum electric field value leading to a significant decrease (i.e. 1 μm) in GUVs diameter. It is an overestimation of the "real" threshold value due to the poor sensitivity of the method of detection, the use of flow of small ions inside the GUVs being the most sensitive method (manuscript under preparation). That value depended on the size of the vesicle, the largest vesicles being affected for the lowest field inten sities. As shown in Fig. 3C , there was a linear relationship between E c and the radius of the GUVs.
GUVs permeabilization assessed by CARS microscopy
In previous works, we reported that the decrease in size on the GUVs was due to ejection of lipid material in the form of small vesi cles and tubules [17] . However this lipid ejection causing the vesicle radius to diminish was visualized by the use of fluorescent lipid ana logs inserted into the membrane of the GUVs. It could therefore rep resent a label induced artifact. Our objective therefore was to prove that electropermeabilization, due to harsh electrical conditions, is as sociated to lipid loss. For that, we used DOPC vesicles and submitted them to a series of 20 pulses lasting 5 ms at a 1 Hz frequency. The field intensity was chosen in order to induce lipid loss. CARS micros copy was used as a label free imaging tool. As can be seen in Fig. 4 and in the associated movie, it is possible to optically detect the effects of electropermeabilization of GUVs made with pure lipids here in Fig. 4 . The images show vesicles exhibiting lipid loss via formation of tubu lar structures. These structures were created on the electrodes facing side of the GUV, and appeared to remain attached to the vesicle and stable over a few minutes, as previously reported by using fluores cence microscopy.
Discussion and conclusion
The objectives of our works were to analyse the relevance of GUVs as a simple and convenient model to study membrane electroper meabilization phenomena. Imaging was used in order to get a direct access to the underlying consequences of pulse application. No addi tion of exogenous molecules (lipid analogue, fluorescent dye) was re quired in order to perform the analysis on pure lipid systems thus excluding possible artefacts linked to these molecules. We addressed two questions: i) the effect of electric pulses parameters on mem brane permeabilization and ii) the associated membrane alteration, lipid loss resulting in a decrease in size of the permeabilized vesicles. For that, our strategy consisted on using phase contrast microscopy to detect content mixing and CARS microscopy to visualize membrane alterations.
It is well known, for many years, that the trigger of membrane electropermeabilization is the transmembrane potential which must reach critical values between 200 mV and 1 V [21, 22, 32] , which have been determined in vesicles as well as on bacteria, plant and mammalian cells. The application of the electric field indeed superim poses an electro induced transmembrane potential, ∆ψ i(M) , to the resting transmembrane potential ∆ψ o . The value of ∆ψ i is given by the Schwan equation:
where f is a factor depending on the vesicle shape, g(λ) a parameter depending on the conductivities λ of the membrane, of the external and internal media, r is the radius of the vesicle, E the electric field strength, and θ(M) the angle between the electric field direction and the normal to the membrane at the considered point M of the surface. Being dependent on the angle θ(M), the electric field effect is not uniform along the cell membrane and its maximum effects are present at the poles of the cells facing the electrodes. This is of course is valid as long as the membrane conductivity remains very low. Apart from pulse strength E, pulse number and pulse duration are another key parameters for the success of permeabilization, Fig. 2 . Evolution of the GUVs size decrease as a function of the number of pulses. The more pulses are applied to GUVs, the more their size decrease. GUVs diameters were measured from the light plot profile (Fig. 1-B ) done on the images of 5 GUVs with initial diameters varying from 10 to 40 μm.
especially in the case of large molecules such as plasmid DNA which are driven by electrophoresis towards the permeabilized membrane [33] . Electric field parameters (field strength, number and duration) were therefore varied in order to study their effect. The basics for electroper meabilization imply that the transmembrane potential must reach values close to 200 mV. According to Eq. (1), electric field strength values E higher than a threshold value E c must be applied to induce membrane permeabilization. In the case of two vesicles 1 and 2 with radii r 1 and r 2 , respectively, permeabilization should be induced for a constant Ec⋅r value. This implies that if r 1 > r 2 , then Ec 1 b Ec 2 .
As shown in Fig. 3 , this clearly is the case. Large vesicles are affected by electric field values which do not affect the smaller vesicles. There is a direct linear relationship between E c and vesicle radius (Fig. 1D) . More over, the larger the vesicles are, the lower the electric field threshold value is. One however has to notice that the determination of the "thresh old values" E c by the method used here, contrast decrease, is not a very sensitive one. Our recent works indeed show that the detection method is a very important parameter for the precise determination of the critical transmembrane potential. As fluorescence is more sensitive, the use of quenching ions as probes for lipid bilayer permeabilization allows very high resolution detection because of their small size which implies the need for a lower membrane destabilization than the one needed with larger molecules such as fluorescent dyes or sugar (submitted manuscript).
We also studied the effects of the number of cumulated pulses and of their duration. As for cells, both parameters control the process. Increasing the number of pulses from 1 to 20 increases membrane permeabilization as observed by molecule exchange and liposome size decrease and, for longer pulses duration, tubule formation. Once again, these experimental data are similar to those obtained with mam malian cells. Altogether these results lead to the conclusion that GUVs are a good and relevant model to study membrane alteration under electric field application. This system presents the characteristic of having no cytoskeleton. Dramatic membrane consequences can there fore be observed such as lipid loss and tubule formation. Up to now, they could be only detected by using fluorescence microscopy. We pre sent here for the first time results of electropermeabilization of pure 
